In this review we report on interaction potential surface calculations of Rg-X Y (Rg = rare gas and X, Y = halogens) van der Waals (vdW) complexes. Experimental data available on the structure and dynamics of such systems mainly originate from the B ← X excitation spectroscopy and, therefore, potential surfaces for both electronic states involved are required for the theoretical treatments. Hence, ab initio technology is used at the coupled-cluster (CCSD(T)) level of theory for constructing these surfaces. Relativistic effects are included with the use of large-core pseudo-potentials for the halogen atoms, while efficient augmented correlation-consistent polarized basis sets are employed for the Rg ones, to ensure saturation in interaction energies in the highest level of electron correlation treatment. For all ground state Rg-dihalogen systems studied, the potential surface shows minima for both linear and T-shaped orientations. In contrast, the potential surfaces of the electronically B excited state complexes present T-shaped minimum. Variational calculations for both electronic potentials are performed to calculate the bound states of the ground and B excited vdW complexes, and binding energies, vibrationally averaged structures and spectral shifts are determined. Here, an application of the present methodology on the ground X and B excited HeI 2 conformers is reported and the obtained results are discussed in terms of available experimental data.
Introduction
For more than three decades, van der Waals (vdW) complexes have become prototypes for studying energy transfer mechanisms and weak intermolecular forces [1, 2] . During these years the understanding of vdW forces has expanded dramatically. With the development of experimental techniques, such as supersonic nozzle expansion, and by performing more accurate ab initio electronic structure calculations, it became possible to study the structure and dynamics of vdW in more detail.
In this paper we present potential surface for ground and electronically excited HeI 2 complexes, as obtained by coupled cluster (CCSD(T)) calculations [3, 4] . This forms part of an extended investigation of the interactions between rare gas atoms and homonuclear or heteronuclear dihalogens. For ground state rare gas-halogens, there is a general acceptance of the existence of a double-minimum topology for linear and T-shaped isomers, based on recent experimental studies [5] [6] [7] [8] [9] [10] and a series of ab initio calculations [3, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In the case of B excited complexes, experimental measurements [8, 25] and theoretical studies [4, 25, 26] have established a T-shaped structure. The experimental data available on the structure and dynamics of these systems originate mainly from the B ← X excitation spectroscopy [8, 25] , and the potential energy surfaces (PESs) for both electronic states are required for theoretical simulations. There is a plethora of ab initio studies of such complexes focused on the topology of their ground PESs, while due to the difficulties in applying high level ab initio methods for an open-shell state fewer ab initio results are available for the B excited electronic state of the rare gas-dihalogens. Only recently ab initio calculations have been reported in the literature for the B states of the HeCl 2 [25] , HeBr 2 [26] and HeI 2 [4] , while semiempirical potentials are still used in theoretical studies for the B state dynamics of similar systems. It still remains a challenge to obtain accurate potential energy functions for such molecules and to interpret the dynamics involved [25] .
HeI 2 was the first rare gas-dihalogen vdW molecule studied by Levy and co-workers [27, 28] . Their analysis indicates that the molecule on both ground and B excited state has a nonlinear structure and vibrationally average configurations have been determined. The other data available from these studies are blue-shift values for low and high v levels [28, 29] and the X and B binding energies [28, 30] . Recent experimental studies by Loomis and co-workers in the B ← X spectrum have shown that spectral features are associated with transitions of multiple conformers of several He-X Y complexes [8] , and binding energies and structures of such isomers reported for HeI 2 [31] .
The first attempt to calculate a purely ab initio surface for HeI 2 complex was undertaken by Schwenke and Truhlar [32] for its ground electronic state. The authors have calculated, using Möller-Plesset perturbation theories up to third order, a significantly shallow well, of 6 cm −1 , for T-shaped geometries. Recently, CCSD(T) ab initio calculations have been performed for the ground and B excited electronic states of HeI 2 complex [3, 4] , and binding energies and structures of linear and T-shaped isomers have been determined.
To our knowledge, no more ab initio studies on the PESs of the heavy HeI 2 complex are reported in the literature. Thus, we summarize here, the methodology for constructing ab initio potential surfaces of Rg-dihalogen complexes and an application to HeI 2 is presented. We should note that a direct comparison with experiment requires theoretical data of the same quality for both electronic surfaces involved. Hence, by combining both X and B PES results will allow us to make the first comparison between completely ab initio calculations and experimental data.
Methodology and results

Ab initio computation
We use Jacobi coordinates (r, R, θ) to describe the potential surfaces of Rg-X Y complexes, where R is the intermolecular distance of Rg atom from the centre of mass of X Y , r is the bond length of X Y and θ is the angle between the R and r vectors.
The ab initio calculations for the X state are performed using the Gaussian 98 package [33] , using the spin-restricted single and double excitations coupled cluster method with perturbative triples (RCCSD(T)), while for the first excited triplet state B the MOLPRO package 1 is used at spinunrestricted UCCSD(T) level of theory. In the case of homonuclear X Y dihalogen, the degeneracy of the B(
3 ) excited state is removed by the Rg atom approaching giving rise to two states 3 A and 3 A . In the 3 A Rg faces a single occupied π * orbital while in 3 A a doubly occupied one. The states are expected to be very close to each other since the perturbation exerted by Rg is small. In addition, when Rg rotates from the T-shaped geometry to the collinear one, 1 MOLPRO is a package of ab initio programs written by H-J Werner and P J Knowles, with contributions from R D Amos et al.
these two states converge and are degenerate at the linear configurations. We should note that the individual 3 A and 3 A adiabatic states do not exist separately, since the spin-orbit couples them. In the present calculations of the B state, spinorbit coupling terms are not included, due to the very large computational effort required.
For all the calculations of the Rg-X Y potentials, we use effective core potentials basis set for the heavy X and Y halogen atoms, which is a convenient method to incorporate relativistic effects [34] in standard quantum mechanical calculations. We employ a large-core energyconsistent pseudo-potential [35] in conjunction with an augmented correlation consistent valence basis set [34] for halogen atoms. For Rg atoms, augmented correlation consistent basis sets are taken from the EMSL library [36] . In the X state calculations, an additional set (3s3p2d2f1g) of bond functions is employed [37] .
The intermolecular energy between Rg and X Y is calculated using the supermolecular approach. The interaction energy, E, is given as the difference between the total energy of the complex, E RgX Y , and the sum of the energies of the monomers, E Rg + E X Y . The standard counterpoise method [38] is used for the correction of basis set superposition error (BSSE).
Results are presented here for the HeI 2 complex, where the intermolecular energies are calculated for several R distances ranging from R = 3 to 9 Å, while the angle θ is varied between 0
• and 90
• on a seven equally spaced (by π/12 radians) grid, considering four different I 2 bond lengths with r = 2.42249, 2.666, 2.90951 and 3.11092 Å for the ground state and r = 2.65, 2.85, 3.024 and 3.20 Å for the B excited state. The r values are chosen around the equilibrium distances in a range that is enough to describe some of the first excited vibrational levels of I 2 (X ) and I 2 (B).
The results of the interaction energies for the X state for different I-I bond lengths are qualitatively similar. For all the r values, the linear configuration is found to be lower in energy than the T-shaped one. When the I-I bond is lengthened their energy difference increases. We should note that the interaction energies of the T-shaped structures are found to be more sensitive to small changes of the I-I bond length than the ones for the linear configurations. Also, it is useful to examine the A /A interaction energies for the different I-I bond lengths. For small values of r = 2.65 and 2.85 Å, there is only one minimum for the T-shaped structure for both A and A surfaces. For elongated r values (r = 3.024, 3.20 and 3.45 Å) the A surface presents only a T-shaped minimum, while the A presents two minima for T-shaped and linear structures. In this sense, the results of the A interaction energies are very similar to the X electronic state of the complex.
Representation of PESs of HeI 2
In order to represent the X and B PESs for a Rg-X Y complex, an analytical functional form is used to fit the CCSD(T) ab initio points. As noted previously, for an accurate representation of the B state potential, one should take into account the spin-orbit coupling for the A and A adiabats. However, in the atom-diatom case, the matrix element of the interaction potential can be represented as the sum or difference of the A and A potentials [39, 40] . Here, we represent the B state potential as the average of the A and A states,
We choose an expansion in Legendre polynomials, P λ (cos θ ), to describe both the two-dimensional (2D) Rg · · · X Y (X ) and Rg · · · X Y (B) interaction potentials, (1) with λ = 0, 2, 4, 6, 8, 10 and 12, due to the symmetry of the system with respect to θ = 90
• . The V X,B kλ (R) coefficients are obtained by a collocation method applying the following procedure. For each electronic state for each of the seven values of angle θ, we fitted the R/UCCSD(T) data to a Morse-vdW function,
with parameters α 
Bound state calculations
It should be stressed that for an accurate dynamic treatment of the B state complex an effective Hamiltonian, which includes the spin-orbit coupling term, should be employed following the formalism given in [39, 40] . In the present case, the ab initio calculations reported provide the adiabatic A and A potentials for the B state, thus a spin-free Hamiltonian has been used for both X and B states. The rovibrational Hamiltonian in the Jacobi coordinate system has the form 4 He and 127 I isotopes,l andĵ are the angular momentum operators associated with the vectors R and r, respectively, leading to a total angular momentumĴ =l +ĵ. Here all calculations are performed for J = 0. Starting from the V X,B (R, θ; r k ) potential of (equation (1)), 1D cubic-spline interpolation is used to compute the value of V X,B (R, θ, r ) at 21 Gauss-Legendre (r ) are the 1D I 2 (X ) or I 2 (B) state potential functions and a cubic-spline interpolation to CCSD(T) ab initio data is used to reproduce the V X,B I 2 potential at any r point. The eigenvalues and eigenfunctions of diatomicĤ I 2 Hamiltonian are denoted as E I 2 (v) and χ v (r ), respectively, and are evaluated by solving the 1D Schrödinger equation using a combined Truhlar-Numerov algorithm [41] . The vdW levels and corresponding wave functions are calculated variationally by diagonalizing the vibrationally averaged Hamiltonian v,v potential matrix elements are calculated using Gaussian quadrature in the r coordinate, while for the angular coordinate we used orthonormalized Legendre polynomials {P j (cos θ)} as basis functions, with up to 40 values (even and odd) of the diatomic rotation j. For the radial R coordinate, a discrete variable representation (DVR) basis set is used based on the particle in a box eigenfunctions [43] . A basis set of 75 DVR functions over the range from R = 1.75 to 15 Å are used. In this way, a convergence of 0.00005 cm −1 is achieved in bound state calculations. In table 1 we compare the results obtained with the present CCSD(T) surface with previous theoretical and experimental data available for both X and B electronic states. In addition, some semiempirical data are also available on the potential parameters for an interaction potential for the collinear collision of He atom and diatomic I 2 oscillator, thus we compare these values with the ones corresponding to the present linear potential well (see table 1 ). The angular and radial probability distributions of the associated wave functions for the X and B states are shown in figures 2 and 3, respectively.
Direct experimental data are available only for the D 0 value of the B state, and the spectral blue-shift value with respect to the corresponding band of the uncomplexed iodine molecule [44] . The experimental D B 0 value [28] is between 13.6 and 14.8 cm −1 and compares very well with the present estimate of D B 0 = 12.33 cm −1 . Based on the above measurements, the experimental value for binding energy of the X state of HeI 2 has been determined [28] to be in the range 18.2-19.4 cm −1 . When Blazy et al [28] reported the above values for D 0 they did not determine accurate values for the blue shifts of the HeI 2 B ← X excitation spectra for the high v levels. These shifts have been measured later by Sharfin et al and a lower value (by 1.2 cm −1 ) than the one used by Blazy et al has been obtained for the v = 62 level. Thus, a revised value of 17.6 ± 1.0 cm −1 has been proposed for the D 0 of the ground HeI 2 [30] . We should note that our prediction of 15.38 cm −1 for the D 0 binding energy is very close to the lower bound of the later experimental value (see table 5 ). The present value, however, corresponds to a linear configuration, although we should stress that the support by the above experiment for a nonlinear structure is based on a sampling of alternatives (see reference [11] of [27] ). Further, recent experimental values are available [31] for the binding energies of ground state isomers, which count D L 0 = 17.3 ± 0.5 cm −1 and D T 0 = 17.8 ± 1.0 cm −1 for linear and T-shaped conformers, respectively. As can be seen (table 1) , a reverse order of the two isomers is predicted by the ab initio calculations. However, a very small energy difference between them has also been obtained experimentally, which is smaller than the error bars in the measured binding energies. Additionally, Loomis and co-workers based on their X state binding energy and the shift of the T-shaped feature from the band origin of the spectrum, have also determined a binding is approximated as the difference of their J = 0 energies. We should note that the selection rules for dipole allowed transitions are J = 0, ±1 (0 ↔ 0). The experimental measurement [28] for v = 3 is 3.44 cm −1 , that is very close to the present theoretical estimates. Moreover, it is likely to have larger errors than the above one arising from the spin-orbit coupling effects in the B state potential.
As we discussed above, our calculations indicate the coexistence of the two isomers for the ground state complex in a supersonic beam, which is consistent with recent experimental observations [31] . However, given the difficulties of the experimental studies in determining equilibrium structures of different isomers, as well as the limitations of the ab initio technology, it is clear that experimental studies similar to those reported recently [8, 9] on the LIF spectra and action spectroscopy experiments [10] , in combination with theoretical simulations are invaluable for interpreting intermolecular dynamics of such complexes (see also [46] ).
Conclusions
In this review we summarized the methodology for constructing reliable ab initio PESs for ground and excited triatomic Rg-dihalogen vdW complexes. The main difficulty of the theory of weakly bound systems arises from the very delicate relationship between the global interaction PES's and experimental observations. Comparison of theoretical results with experimental data is subjected to the errors coming from the poor knowledge of the PES, the dynamical approximations and the uncertainties of the experimental measurements. For Rg-dihalogen complexes, the route to accurate interaction PES's is the harder, as it depends on the complexity of the system. We have shown that using ab initio technology at the CCSD(T) level of theory provides PESs for the Rg-dihalogen complexes, that are able to reproduce quantitatively or at least semiquantitatively the available experimental data.
We present results of applying the present methodology on HeI 2 complex, where 3D interaction PESs are calculated for the HeI 2 (X ) and HeI 2 (B) complexes at the CCSD(T) level of theory. As in other studies on such complexes, different topologies are obtained from the PESs of the X and B electronic states. The X potential surface exhibit double minima for linear and T-shaped configurations, while first excited triple state, B, shows a single T-shaped well. Bound state calculations with J = 0 are carried out for both X and B CCSD(T) surfaces, and binding energies, vibrationally averaged structures and spectral shifts are calculated. For the ground state, the linear He-I-I and the T-shaped isomers are found to lie very close to each other, with a difference of only 0.7 cm −1 . The above values, as well as the values for the B state are in very good accordance with early experimental observations [27] available for the perpendicular structure. A good agreement is also obtained between the CCSD(T) results and the experimental estimates [28, 30, 31] concerning the D X,B 0 values, although the ground linear He-I-I isomer is predicted here to be more stable than the corresponding T-shaped one.
These findings demonstrate that CCSD(T) calculations provide an alternative way of constructing reliable potential surfaces for such complexes, which could motivate detailed theoretical studies on the dissociation dynamics of HeI 2 . The work presented here has not taken into account spin-orbit coupling. Such relativistic effects are expected to influence the dynamics, and therefore work in this direction still remains. Further, the above description of the atom-diatomic molecule interaction is of considerable importance in the study of the structure and bonding in larger systems Rg n -X Y [47, 48] , where a diatomic molecule interacts with a solvent system of rare gas atoms, e.g. the relaxation dynamics of impurities embedded in He nanodroplets [49] . Whether the properties of the weak bonding in such systems can be predicted by the sum of atom-diatom interactions deserve further investigation.
